Introduction
The Amaryllidaceae are herbaceous perennials that produce a diverse array of alkaloid secondary metabolites. These alkaloids 15 can mostly be classified as belonging to one of eight skeletally distinct subclasses all derived biosynthetically from a common precursor, norbelladine. [1] [2] [3] Clivonine (1), along with homolycorine (2), hippeastrine (3) and lycorenine (4) are prominent members of the lycorenine subclass; these alkaloids 20 feature a tetracyclic 2-benzopyrano-[3,4-g]indole skeleton and display growth inhibition of various tumour cells, [4] [5] [6] DNA binding properties, 7 anti-viral activity, 8, 9 antifungal activity, 10 and insect antifeedant activity 11 ( Figure 1 ). 12 (+)-Clivonine (1) was first isolated as white prisms in 25 0.0007% yield from an ethanolic extract of freshly collected rhizomes and leaves of Clivia miniata Regel in 1956 by Wildman, who also tentatively proposed the correct gross topology of the molecule. 13 In 1965 Mehlis suggested relative (and absolute) stereochemistry for (+)-clivonine but assigned the 30 stereochemistry of the C5/5a cis-diol centres relative to the others incorrectly.
14 In 1967 the stereochemical assignment of these centres was revised by Döpke et al. from 1 H NMR data of the C5 acetate derivative 15 and in 1971 these assignments and the absolute stereochemistry were confirmed by Jeffs et al. via 35 chemical correlation with -dihydrohippeastrine ‡ . [16] [17] [18] [19] Irie developed the first total synthesis of (±)-clivonine in 1973 [20] [21] [22] (17 steps, 0.43% overall yield from piperonal) and we have recently described the second 23 (12 steps, 6 .1% overall yield from enone 5). Our synthesis featured the use of a thermal retro- 40 Cope elimination reaction 24 to install the B-C and C-D ringjunction stereochemistry in a 7-arylhydrindane advanced intermediate 6. 25 This compound was then converted into a lycorine-type iminium salt having a 1H-pyrrolo[3,2,1-d,e]phenanthridine/galanthan skeleton, which by sequential 45 hydration, methylation and oxidation underwent a biomimetic 'ring-switch' to give clivonine (1) (Scheme 1).
Herein, we describe two alternative syntheses of clivonine (1) , from 7-arylhydrindane 6, one via a lycorine-type intermediate but featuring a non-biomimetic sequence of reactions to effect the 50 'ring-switch' and the other not proceeding via a lycorine-type intermediate. These syntheses were primarily developed to deliver authentic samples of clivonine (1) in order to aid development of the biomimetic 'ring-switch' approach and have therefore not been fully optimised. The first of these syntheses 55 was carried out from enantiomerically pure enone (+)-5 and therefore constitutes the first asymmetric synthesis of natural (+)-clivonine (1) . Figure 1 . Structures of the lycorenine-class Amaryllidaceae alkaloids clivonine (1), homolycorine (2), hippeastrine (3) and lycorenine (4) . Also showing atom numbering/ring designations and correct absolute stereochemistry for natural (+)-clivonine (i.e. 3aR,5S,5aR,11bS,11cR). Scheme 1. Our previous synthesis of (±)-clivonine (1) from enone (±)-5 (see ref. 23 ). Also showing atom numbering for 7-arylhydrindane (octahydroindole) 6 and ring designations for the subsequent lycorinetype (galanthan) salt. rearrangement. 32, 33 Both afforded similar overall yields of enone (±)-5 but the former was preferred on step-count and reaction duration grounds. Synthesis of enone (+)-(5S,6S)-5 was from commercially available Pseudomonas putida derived (+)-(2S,3S)-1-chloro-4,6-cyclohexadiene-2,3-diol acetonide via a 70 modification 34 of the method described by Oppolzer 35 involving singlet oxygen addition, polystyrene-supported thiourea mediated hydrogenolysis/acetate protection then Pd(0)/TMDS mediated reduction.
These enones were converted through to 7-arylhydrindanes 75 (±)-6 and (+)-6 according to our published procedure; 23 the following summary draws attention to some synthetic details that were not previously highlighted for this sequence of steps (Scheme 2).
1,2-Aryl lithium addition and acetate trapping (5 → 7, 92% 80 yield) requires 2 h at -78 °C in THF, followed by warming to RT, and then addition of freshly distilled acetic anhydride. Development of the Ireland-Claisen rearrangement (7 → 10) required some optimisation as it was found that use of n-BuLi as a base led to exclusive formation of diene 8 (95% yield) and use 85 of too dilute solutions of LDA led simply to rearrangement to the 1,3-transposed allylic acetate 9 (43% yield). However, the optimised Ireland-Claisen conditions could even be performed on the crude acetate 7 and the resulting acid reacted directly with diazomethane following workup to give the methyl ester 10 on a 90 large scale (~20 g) in yields of 65-85% over the 3 steps. Conversion of this ester to the aldehyde 12 was carried out either directly using DIBAL-H at low temperature or by reduction to alcohol 11 using LiBH 4 then re-oxidation using the Dess-Martin periodinane; yields were comparable (80-85%). Interestingly, 95 attempted conversion of aldehyde 12 into the corresponding oxime 14 using hydroxylamine hydrochloride and magnesium sulfate in MeOH let to formation of the dimethylacetal 13 (39% yield) on which a single crystal X-ray structure determination was performed to confirm the relative stereochemistry in the 100 racemic series. Omission of the dehydrating agent and use of thermally milder conditions however gave the oxime 14 as a ~1.2:1 mixture of (E)-and (Z)-isomers in 82% yield. The Borch reduction of this mixture using NaCNBH 3 /HCl required precise control of the dilution and pH (using methyl orange) of the 105 reaction medium and the duration of the reaction. A range of unidentified products formed when HCl addition was too slow (i.e. pH >4) and nitrone 16, the structure of which was secured by a single crystal X-ray structure determination, was the unexpected major product when HCl addition was too fast (i.e. 110 pH <3). This product presumably arises from partial deprotection of the acetonide under the acidic conditions and condensation of the released acetone with hydroxylamine 15 (the yield never exceeded 48%). However, under optimised conditions the labile hydroxylamine 15 could be obtained in 83% yield. Direct 115 thermolysis of this compound in degassed toluene effected the retro-Cope elimination reaction to give the N-hydroxy-7-arylhydrindane 17 almost quantitatively (98% yield). Relatively high dilution is important in this reaction to preclude competing disproportionation to the corresponding amine and nitro 120 derivatives and degassing is required to prevent radical coupling to an azoxydimer. Raney-Ni hydrogenolysis of N-hydroxy-7-arylhydrindane 6 in wet ethanol gave the 7-arylhydrindane 6 in 94% yield.
A particular aspect of the above synthesis that intrigued us 125 was the fact that the retro-Cope elimination reaction of hydroxylamine 15 proceeded significantly more rapidly than that of its C3a epimer, which we had previously studied en route to lycorine-type alkaloid (+)-trianthine, when compared under identical conditions (i.e. 15 → 17, 91% yield after 14 h vs. 93% 130 after 70 h for its C3a epimer, both in degassed benzene at 0.01 M). 35 Inspection of the 1 H NMR spectra of pre-cyclisation intermediates in both series (i.e. compounds 10, 11, 12, 14 and 15 23 cf. their C3a epimers 35 ) reveals that the protons in their respective cyclohexene C-rings display systematic differences 135 indicating that the two series adopt conformationally distinct halfchair structures in solution.
** However, the relative positions of H3a suggest that in the clivonine series this proton is pseudoaxial (and hence the C3a side chain pseudo-equatorial) and in the trianthine series it is pseudo-equatorial (and the C3a side-chain 140 pseudo-axial) indicating that both their fused-bicyclic (dioxolane/cyclohexene) cores adopt conformations in which the allylic C6a-O bond is pseudo-axial (e.g. for alcohol 11 H3a is at  2.45 ppm cf. its epimer at  2.63 ppm) 36 . These conformational preferences were corroborated by DFT molecular modelling at C-O bond pseudo-equatorial and the corresponding allylic C-H bond pseudo-axial. Strain-release, or a favourable H-bonding interaction between the hydroxylamine hydroxyl and one of the 155 syn dioxolane oxygens in the transition state 24 might explain the higher rate of cyclisation but it likely reflects more facile cyclisation on the alkene face anti to the pseudo-axial allylic  C-H bond (i.e. the best donor, cf. a Cieplak effect, Scheme 3) 37-39 † † .
Based on precedent from the work of Mizukami, 42 Kotera et 160 al., 43 and Harken et al. 44 who have reported multi-step conversions of isolated natural lycorine-type alkaloids to lycorenine-type congeners exploiting the classical von Braun reaction 45 (using cyanogen bromide), we envisaged that a related strategy could be deployed to access clivonine (1) from lycorine-165 type progenitor 20. The synthesis of 1H-pyrrolo[3,2,1-d,e]phenanthridine 20 from 7-arylhydrindane 6 was envisaged via a Pictet-Spengler reaction to form ring-B based on our successful use of this approach in the synthesis (+)-trianthine from a diastereomeric 7-arylhydrindane 35 (Scheme 4).
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In the event, direct Pictet-Spengler ring closure to give amine 20 using Eschenmoser's salt (N,N-dimethyliminium iodide) 46, 47 proved to be less high yielding than in the trianthine series (53% cf. 92% 35 ). Since this yield could not be improved by the use of the corresponding N,N-dimethyliminium triflate, 48 we employed a 175 three-step approach via methyl carbamate formation (→18, 98% yield), a Bischler-Napieralski reaction using Banwell's conditions 49, 50 (4-DMAP/Tf 2 O, →19, 82% yield) and then lactam reduction (LiAlH 4 , →20, 95% yield).
‡ ‡ A single crystal X-ray structure determination on amine 20 confirmed the introduction 180 of the desired trans B-C and cis C-D ring-junction stereochemistry by the retro-Cope elimination reaction and the successful completion of the required galanthan skeleton (Scheme 4). The stage was now set for the von Braun-type cleavage of the benzylic C-N bond in ring-B. The optimum 185 reagent for this key step was found to be phenylchloroformate, 51 which proved superior to both ethylchloroformate 52 and -chloroethylchloroformate 53 and gave the ring-opened benzyl chloride 21 in 89% yield when used in conjunction with NaHCO 3 in refluxing CH 2 Cl 2 . Conversion of this chloride to an oxygen-190 based function turned out to be challenging: attempted silver-salt assisted nucleophilic substitution resulted in reclosure of ring-B to give amine 20 and treatment with KOAc/TMEDA, 54 polymersupported carbonate, 55 spectroscopic data identical to that reported for the natural product, in 21% yield. The overall yield from 7-arylindoline (+)-6 was therefore 3.8% over the 8 steps [i.e. 1.9% over the 15 steps from enone (+)-5)] although there is clearly room for optimisation of the final oxidation steps. 215 We also explored routes towards clivonine (1) from arylindoline (±)-6 that did not involve the introduction of C7 (ultimately the lactone carbonyl carbon) concomitant with closure to a lycorine-type galanthan ring system [cf. the aforementioned Pictet-Spengler (6 → 20) and Bischler-Napieralski reactions (18 220 → 19)] but rather by initial N-functionalisation and then formylation or sequential bromination/carbonylation. Our inital plan was to start by introducing the methyl group onto the nitrogen then perform S E Ar functionalisaton of the aryl ring-A but when this proved problematic, due to the nucleophilicity of 225 the tertiary amine function, we opted to protect the nitrogen as an amide during the S E Ar functionalisaton. This allowed bromination and subsequent carbonylation and provided efficient Protection of 7-arylindoline (±)-6 with phenylchloroformate gave the corresponding carbamate 25 in 72% yield. This compound could be reduced cleanly to the N-methyl derivative 26 using LiAlH 4 (99% yield). However, all attempts to effect 235 electrophilic formylation (e.g. using DMF/POCl 3 or TiCl 4 /Cl 2 CHOMe) or bromination of this compound (e.g. using Br 2 or NBS) gave intractable mixtures of multiple products apparently arising from reaction of these reagents at nitrogen. To circumvent this, we opted to perform bromination on the 240 carbamate prior to reduction to the N-methyl derivative. Our initial attempts at bromination utilised methyl carbamate 18 and also resulted in very unpromising mixtures of multiple products. By contrast, the bromination of phenyl carbamate 25 using Br 2 was somewhat cleaner but the desired brominated N-methyl 245 derivative 27 was obtained in just 21% yield following LiAlH 4 reduction due to partial C-Br bond hydrogenolysis concomitant with the carbamate reduction. Intrigued by the difference in reactivity towards electrophilic bromination between the alkyl and aryl carbamate derivatives 18 and 25, and cognisant that the 250 latter (and also the structurally related phenyl carbamate derivatives 21 and 22, Scheme 4) showed distinct peak-broadning in their 1 H NMR spectra at RT which we attributed to restricted mutual rotation of the carbamate and 7-indoline aryl groups, *** we hypothesised that intramolecular - interactions could be 255 positively influencing the outcome of our attempted bromination reactions. To test this notion, N-(4-chlorobenzoyl) derivative 28 was prepared from 7-arylindoline 6 in 61% yield. A single crystal X-ray structure determination on this compound revealed that in the solid state the amide and 7-indoline aryl groups are orientated 260 for face-to-face - stacking (Scheme 5). Pleasingly, amide 28 underwent relatively clean bromination to give the corresponding bromo-N-(4-chlorobenzyl) derivative in 80% yield following amide reduction with LiAlH 4 . Subsequent bromine-lithium exchange using t-BuLi at -78 °C followed by reaction with DMF 265 afforded a separable mixture of aldehyde 29 (64% yield) and the debrominated product 30 (32% yield). Upon acetonide deprotection using aqueous HCl, a crude lactol/aldehyde steps from enone (±)-5)] although again there is clearly room for optimisation of the final N-debenzylation/methylation procedure.
Conclusions
In summary, we have reported the total synthesis of the lycorine-type Amaryllidaceae alkaloid clivonine (1) via two 280 routes. Both routes employ previously reported 7-arylhydrindane 6, which is prepared using a retro-Cope elimination as the key step, as an intermediate. They differ in the method employed for subsequent introduction of what becomes the ring-B lactone carbonyl carbon (C7). The first route described (Scheme 4) 285 features a Bischler-Napieralski reaction for this transformation and constitutes the first asymmetric synthesis of natural clivonine [(+)-1]as it was prepared from enantiomerically pure enone (+)-5 (15 steps, 1.9% overall yield). The second route described (Scheme 5), which employs bromination/carbonylation for C7 290 introduction, however provides more efficient access to racemic clivonine (1) from enone (±)-5 on both a step-count and yield basis (13 steps, ~2.5% overall yield). Moreover, this second approach potentially provides access to a range of clivonine analogues having alternative N-substituents following N-295 debenzylation. The fact that neither synthesis exceeds the efficiency of our previously described route to (±)-clivonine (1) utilising a biomimetic ring-switch approach (Scheme 1; 12 steps, 6.1% overall yield) underscores the efficiency of that approach but also reflects to some extent the fact that the final steps of 300 these latest approaches remain to be fully optimised.
Experimental Section
General Directions. All reactions were performed under anhydrous conditions and an inert atmosphere of N2 in the oven or flame dried glassware. Yields refer to chromatographically and spectroscopically ( 1 H NMR) homogenous materials, unless 305 otherwise indicated. Reagents were used as obtained from commercial sources or purified according to known procedures. 63 Flash chromatography (FC) was carried out using Merck Kiesegel 60 F254 (230-400 mesh) silica gel. Only distilled solvents were used as eluents. Thin layer chromatography (TLC) was performed on Merck DC-Alufolien or glass plates pre-coated with silica gel 60 F254 which were visualised 310 either by quenching of ultraviolet fluorescence (max = 254 nm) or by charring with 5% w/v phosphomolybdic acid in 95% EtOH, 10% w/v ammonium molybdate in 1M H2SO4, or 10% KMnO4 in 1M H2SO4. Observed retention factors (Rf) are quoted to the nearest 0.05. All reaction solvents were distilled before use and stored over activated 4 Å molecular sieves, unless otherwise indicated. Anhydrous CH2Cl2 was 
Clivonine (1).

Method 1 [(+)-1 via oxidation then hydrolysis of aldehyde (+)-24]:
To a solution of aldehyde (+)-24 (11 mg, 0.031 mmol) in t-BuOH (1.3 mL) was added 2-methyl-2-345 butene (167 L, 111 mg, 1.578 mmol) dropwise followed by a solution of 85% w/w NaClO2 (33 mg, 0.31 mmol) and NaH2PO4•2H2O (27 mg, 0.173 mmol) in H2O (500 L). The reaction mixture was stirred for 14 h at RT, partitioned between CH2Cl2 (10 mL) and brine (10 mL), the phases separated, the aqueous phase reextracted with CH2Cl2 (4 × 10 mL), the combined organic phases dried over Na2SO4 and 350 concentrated in vacuo. The solid yellow residue (crude acid, ~10 mg) was then dissolved in MeOH (2 mL) and cooled to 0 °C. To this solution was added dropwise a solution of acetyl chloride (200 L) in MeOH (2 mL) also at 0 °C. The resulting solution was stirred for 10 min at 0 °C and then 4 h at RT before concentrating in vacuo. The residue was dissolved in CH2Cl2 (10 mL), washed with sat. aq. NaHCO3, 355 (15 mL), the phases separated, the aqueous phase reextracted with CH2Cl2 (5 × 5 mL) and the combined organic phases dried over Na2SO4 and concentrated in vacuo. 13 .
Method 2 [(±)-1 via hydrogenolysis/reductive amination of 4-chlorobenzylamine (±)-31]:
Under an atmosphere of H2, Pearlman's catalyst [Pd(OH)2/C] (5 mg, 10 mol%) and formaldehyde (37% aq., 2 mL) were added to a solution of 4-chlorobenzylamine (±)-31 (10 mg, 0.02 mmol) in EtOAc/MeOH (1:10, 2 mL) at RT.
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After stirring for 5 h, the suspension was filtered and concentrated in vacuo to give a mixture of compounds including clivonine [(±)-1, ~20% by 1 H NMR] which was not isolated. 2.26 M in hexanes, 0.43 mmol) was added dropwise to a solution of acetate (±)-7 (120 mg, 0.36 mmol) in THF (12 mL) at -78 °C. After stirring for 10 min, freshly distilled TMSCl (55l, 0.433 mmol) was added dropwise. After stirring for further 10 min, the dry ice bath was removed and the solution was allowed to reach RT over 3 h. The solution was then refluxed for 7 h, cooled to RT and partitioned between 385 Et2O (50 mL) and brine (50 mL). The organic phase was extracted with Et2O (3 × 20 mL). The combined organic phases were dried over MgSO4, filtered and concentrated in vacuo to give a dark orange solid, which was purified by FC (SiO2; Et2O/petrol, 4:1) to give diene (±) - was then added via syringe and the mixture was stirred at -78 °C for 10 min. Freshly distilled TMSCl (136 l, 1.06 mmol) was added dropwise. After stirring for further 10 min, the dry ice bath was removed and the solution was allowed to reach RT over 3 h. The solution was then refluxed for 12 h, cooled to RT and partitioned with Et2O (50 mL) and brine (50 mL). The organic phase was extracted with Et2O (3 × 20 mL). 410 The combined organic phases were dried over MgSO4, filtered and concentrated in vacuo. The residue was purified by FC (SiO2; Et2O/petrol, 1:4) to afford rearranged acetate (±)-9 as a white solid (130 mg, 43%): Mp 78. through Celite ® and the filtrate treated with NaHCO3 (sat. aq., 100 mL). The organic phase was extracted with CH2Cl2 (2 × 50 mL). The combined organic phases were washed with NaHCO3 (sat. aq., 50 mL), dried over Na2SO4 and concentrated in vacuo to give aldehyde (±)-12 (5.04 g, 95%). 23 CH2Cl2 (10 mL) and brine (5 mL). The organic phase was extracted with CH2Cl2 (3 × 10 mL). The combined organic phases were dried over Na2SO4 and concentrated in vacuo. The residue was purified by FC (SiO2; petrol/Et2O, 1:1) to give acetal (±) of MeOH:HCl (conc.) 3.0 mL, 10:1). The cooling bath was removed and the solution was stirred for 5 min at RT, cooled again to 0 °C and treated with NaOH (8 mL, 2 M). After stirring for 10 min at 0 °C, the mixture was partitioned between CH2Cl2 (15 mL) and NaHCO3 (sat. aq., 15 mL) and extracted with CH2Cl2 (4 × 15 mL). The combined organic phases were dried over Na2SO4 and concentrated in vacuo. The solution of amine (+)-6 (13mg, 0.041 mmol) and a crystal of 4-DMAP in CH2Cl2 (2 mL) at 0 °C were added sequentially and dropwise triethylamine (17 L, 12.5 mg, 0.12 mmol) and then a solution of methylchloroformate in CH2Cl2 (100 L, 1 M, 0.1 mmol). The solution was stirred for 2 h at 0 °C and for 16 h at RT. The reaction mixture was partitioned between CH2Cl2 and sat. aq. NaHCO3, the aqueous phase 530 extracted with CH2Cl2 (3 × 10 mL), the combined organic phases washed with sat. aq. NH4Cl (10 mL), the aqueous phase extracted with CH2Cl2 (3 × 20 mL), the combined organic phases dried over Na2SO4 and the solvent evaporated in vacuo. (3H, broad s), 3.34 (1H, m), 3.63 (1H, m), 3.97 (1H, t, J 8.5 (3aR,5S,5aR,11bS,11cR)-5,5a-Dihydroxyisopropylidene-1,2,3b,3a,4,5,11b,11c-octahydro-[1,3]dioxolo[4,5-f]pyrrolo-[3,2,1-de 550 in CH2Cl2 (10 mL) at 0 °C was added dropwise trifluoromethylsulfonic anhydride (251 L, 376 mg. 1.33 mmol). The resulting dark suspension was allowed to warm to RT and stir for a further 14 h. The reaction mixture was then diluted with CH2Cl2 (40 mL), washed with sat. aq. NaHCO3 (20 mL), the aqueous phase extracted with CH2Cl2 (3 × 30 mL), the combined organic phases washed with sat. aq. NH4Cl (20 555 mL), the aqueous phase extracted with CH2Cl2 (30 mL), the combined organic phases dried over Na2SO4 and concentrated in vacuo. 5S,5aR,11bS,11cR)-5,5a-Dihydroxyisopropylidene-1,2,3b,3a,4,5,11b,11c - 
Method 1 [LiAlH4 reduction of lactam (-)-19]:
To a solution of lactam (-)-19 (12 mg, 0.03 mmol) in THF (3 mL) at RT was added LiAlH4 (4 mg, 0.11 mmol). After stirring for 2 h, the reaction mixture was quenched with brine (3 mL) and concentrated in vacuo. The residue was partitioned between CH2Cl2 (5 mL) and H2O 575 (3 mL) and the organic phase was extracted with CH2Cl2 (3 × 5 mL). The combined organic phases were dried over Na2CO3 and concentrated in vacuo to give amine (-)- (3aR,5S,6R,7S,7aR)-5,6-Di-O·isopropylidene-1-phenoxycarbonyl-7-[3,4-(methylenedioxy)-6-chloromethylphenyl]-2,3,3a,4,5,6,7,7a-octahydroindole 21 . To a stirred suspension of amine (-)-20 (3.2 mg, 0.040 mmol) and NaHCO3 (50 mg) 610 in CH2Cl2 (5 mL) at 0 °C was added a solution of phenylchloroformate in CH2Cl2 (70 L, 1 M) dropwise. The suspension was stirred for 2 h at 0 °C and then refluxed for 13 h. The reaction mixture was then diluted with CH2Cl2 (30 mL), washed with aq. sat. NaHCO3, the aqueous phase extracted CH2Cl2 (4 × 10 mL), the combined organic phases dried over Na2SO4 and concentrated in vacuo. (3aR,5S,6R,7S,7aR)-5,6-Di-O-isopropylidene-l-methyl-7-[3,4-(methylenedioxy)-6-oxomethylphenyl]-2,3,3a,4.5,6,7,7a-octahydroindole 24 . To a stirred solution of benzyl alcohol (+)-23 (24 mg, 0.066 mmol) in CH2Cl2 (8 mL) at RT was added a solution of Dess-Martin periodinane (35 mg, 0.083 mmol) in CH2Cl2 (7 mL) 670 dropwise. After 75 min a further portion of periodinane (20 mg, 0.047mmol) was added and the reaction mixture was stirred for further 2.5 h at RT. The reaction mixture was then diluted with CH2Cl2 (30 mL), washed with sat. aq. NaHCO3 (20 mL), the phases separated, the aqueous phase reextracted with CH2Cl2 (3 × 10 mL), the combined organic phases dried over Na2SO4 and the solvent evaporated in 675 vacuo. The residue was purified by (SiO2; Et2O/pentane/MeOH (NH3 sat.), 60:37:3] to give aldehyde (+)-24 as a pale yellow solid (8.8 mg, 37%): vmax/cm -1 (CHCl3)  2921, 2780, 1671, 1616, 1480, 1458, 1382, 1365, 1284, 1251, 1158, 1044, 935 29 (3H, s), 1.40 (3H, s), 1.57 (1H, m), 1.72 (3H, s) 6 (620 mg, 1.96 mmol), Et3N (1 mL, 7 .82 mmol) and DMAP (17 mg, 0.02 mmol) in CH2Cl2 (10 mL) at RT was added phenyl chloroformate (736 μL, 5.87 mmol). After stirring for 10 min, the reaction mixture was quenched with NaHCO3 (sat. aq., 5 mL) and the organic phase was extracted with CH2Cl2 (3 × 10 mL). The combined organic phases were dried over Na2SO4, filtered and After stirring for 40 min, the reaction mixture was partitioned between NaHCO3 (sat. aq., 10 mL) and CH2Cl2 (10 mL) and the organic phase was extracted with CH2Cl2 (10 mL). The combined organic phases were dried over Na2SO4, filtered and concentrated in vacuo. The 735 residue was dissolved in degassed THF (5 mL) and LiAlH4 (52 mg, 1.38 mmol) was added. The suspension was refluxed in the dark at 80 °C for 5 h and quenched with MeOH (2 mL). The reaction mixture was partitioned between brine (15 mL) and Et2O (15 mL) and the organic phase was extracted with Et2O (3 × 15 mL). The combined organic phases were dried over Na2SO4, filtered and concentrated in 70.03 (d), 74.21 (d), 79.99 (d), 101.72 (t), 107.56 (d), 109.10 (s), 112.85 (d partial deprotection of the acetonide so 2,2-dimethoxypropane (54 μL, 0.44 mmol) and p-TSA (5 mg, 0.03 mmol) were added at RT. After stirring for 40 min, the reaction mixture was partitioned between NaHCO3 (sat. aq., 10 mL) and CH2Cl2 (10 mL) and the organic phase was extracted with CH2Cl2 (10 mL). The combined organic phases were dried over Na2SO4, filtered and concentrated in vacuo. The 795 residue (150 mg, 0.28 mmol) was dissolved in degassed THF (5 mL) and LiAlH4 (55 mg, 1.43 mmol) was added. The suspension was refluxed in the dark at 80 °C for 5 h and quenched with MeOH (2 mL). The reaction mixture was partitioned between brine (15 mL) and Et2O (15 mL) and the organic phase was extracted with Et2O (3 × 15 mL). The combined organic phases were dried over Na2SO4, filtered 800 and concentrated in vacuo. CH2Cl2 (10 mL) and the organic phase was extracted with CH2Cl2 (3 × 10 mL). The combined organic phases were dried over Na2SO4, filtered and concentrated in vacuo. The residue was purified by FC (SiO2; petrol/Et2O, 2:1) to give: (20 mg, 0.04 mmol) in THF (3 mL) at RT was added aq. HCl (0.5 mL, 2 M). After stirring for 3 h at RT, the reaction mixture was freeze-dried and the residue was dissolved in toluene (2 mL). Fetizon's reagent (i.e. Ag2CO3-Celite ® ) 61 (327 mg, 0.57 mmol, 0.57 g/mol) was added and the reaction mixture heated for 1 h at 90 °C. The resulting black suspension was cooled to RT and filtered through Celite ® eluting 860 with EtOAc (20 mL). The filtrate and combined washings were concentrated in vacuo to yield a brown solid. This residue was purified by FC (SiO2; Et2O) and triturated with ice-cold Et2O (2 mL) to give 1-(4-chlorobenzyl)- to anomalous dispersion single crystal X-ray structure determination (see refs. 16, 17 ). § This compound is commercially available or can be prepared from 1,4-cyclohexadiene (4 steps, 26% yield, see refs [26] [27] [28] ) or from myo-inositol (3 890 steps,36% yield, see ref. 29 ).
** Specifically, in the clivonine series H5 appears at  4.2-4.3 ppm as a ddd or q (J ~5 Hz) and H6 at  ~4.8 ppm as a d (J ~5 Hz), whereas in the trianthine series the corresponding protons are downfield shifted: H5 at  4.5-4.6 ppm and H6 at  4.9 ppm.
895 † † Knight and Salter have proposed that allylic oxygenation favours retro-Cope elimination reactions but a strong conformational dependence for this has not been noted previously (se ref. 40 ). That the retro-Cope elimination proceeds via a dissymmetric concerted pathway in which the hydroxylamine nitrogen has some nucleophilic character and the alkene some electrophilic character is 900 supported by computational studies by Tronchet (see ref. 41 ) and by our own observations that these reactions are facilitated by electron withdrawing substituents on the alkene. ‡ ‡ Lactam 19 and amine 20 were explored as precursors to the corresponding lactamol (hemiaminal) via 'half-reduction' (using LiEt3BH) and oxidation
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(using Polonovski-Potier chemistry) respectively in our development of the biomimetic approach to clivonine (see ref. 23 ). § § This oxidation appears to be difficult, Irie et al. obtained just a 10% yield of clivonine by oxidation of the same substance but lacking the acetonide protecting group using MnO2 (see refs [20] [21] [22] ). 910 *** The broad peaks in the 1 H NMR spectra of carbamates 21, 22 and 25 at RT became sharp when recorded at ~330 K. By contrast, the broad peaks in the 1 H NMR spectrum of amide 28 remained broad at 328 K suggesting higher barriers to aryl/aryl mutual rotation in this latter derivative.
